Recent results show disagreement between global and limited-area models as to the role of soil moisture feedback during the summer of 1993 in the central United States. July precipitation totals increase by 50% in the European Centre for Medium-Range Weather Forecasts global model when soil moisture is initialized ''wet,'' but two separate regional modeling groups [University of Utah Limited Area Model group and National Center for Atmospheric Research Regional Climate Model (RegCM) group] have found very different responses to soil moisture, indicating that drier soil moisture conditions might actually lead to increased precipitation via an increase in convective instability and an enhancement of the low-level jet from the Gulf of Mexico.
Introduction
Regional climate models (RegCMs) have been recently developed for simulations of monthly to decadal timescales (Dickinson et al. 1989; Giorgi 1990; Cullen 1993) . RegCMs are run over limited-area domains and are driven by time-dependent large-scale meteorological fields specified in a buffer area adjacent to the domain's lateral boundaries. These fields can be provided either by analyses of observations or by output from general circulation model simulations. After a spinup time of a few days, the solution in the interior of a RegCM domain is essentially the result of a dynamical equilibrium between lateral boundary forcing and internal model forcing (Anthes et al. 1989) . As the ratio of the lateral buffer area to the size of the domain decreases, the interior domain solution tends to increasingly diverge from the forcing large-scale fields (Jones et al. 1995) . In addition, the location of the boundaries in relation to the regions that provide the strongest sources of forcing in a par-ticular climatic regime can also affect a regional model simulation.
In this paper we present a study of the effect of model domain on seasonal, summertime precipitation simulation and its sensitivity to initial soil moisture. The simulated periods are May-July (MJJ) of 1988 and (MJJ) 1993 over the central United States. The summer of 1988 was marked by a pronounced drought event over the region, whereas the summer of 1993 was characterized by extended flood conditions. The motivation for this study originated from the discordant results obtained by three previous studies, those of Beljaars et al. (1996) , Paegle et al. (1996) , and Giorgi et al. (1996) (hereafter referred to as B96, P96, and G96, respectively) , who looked at the sensitivity of simulated precipitation to surface soil wetness for the summer of 1993 over the central United States. In these three studies, the simulated soil moisture feedbacks varied from strong positive, to strong negative, to generally weak.
In B96, the European Centre for Medium-Range Weather Forecasts (ECMWF) global model simulated an increase of 50% precipitation over the upper Mississippi basin (UMB) when the soil was initialized wet. Local soil moisture was thus a critical factor in maintaining the simulated flood conditions. Conversely, P96 reported a 50% decrease in precipitation when upstream evaporation was high in simulations employing the University of Utah Limited Area Model (LAM). Finally, G96 found little sensitivity to initial soil moisture in simulations employing the National Center for Atmospheric Research (NCAR) RegCM. Therefore, in P96 and G96 the local soil moisture control was not critical for the maintenance of the flood conditions.
Although the models used by B96, P96, and G96 utilized different physics parameterizations, the most obvious difference between these experiments was in the model domain: B96 used a global domain, while P96 and G96 used limited-area domains of relatively small size encompassing the UMB region. The discordance of these results may thus be an indication that the interactions between boundary conditions and internal model forcings played an important role not only in the actual simulation of the events, but also in the model sensitivity to soil moisture forcing. Driven by these considerations, we decided to further evaluate the effects of local (soil moisture) versus remote (largescale circulations) controls of the summer 1988 and 1993 events with the NCAR RegCM.
In the present study, the model and simulated periods are the same as in G96, but the domain size is much larger, encompassing the whole continental United States landmasses and surrounding ocean waters. Simulations of MJJ 1988 and MJJ 1993 are completed both with a wet and a dry soil moisture initialization, and results are compared with those of G96 and, for the summer of 1993, B96 and P96. In the next section we first briefly review the main circulation features that characterized the summer 1988 and 1993 events over the United States along with the primary physical processes underlying the results of B96, P96, and G96. Section 3 describes the model and experiment design for the present study, and section 4 presents the simulation results. A discussion of the results is given in section 5, and conclusions of this work are presented in section 6.
Background

a. Observations of the summers of 1988 and 1993 over the continental United States
Observed MJJ precipitation totals for 1988 and 1993 over the continental United States are given in Fig. 1 . This gridded precipitation is derived from National Climate Data Center (NCDC) monthly mean precipitation values from approximately 350 stations. The UMB region, for which detailed precipitation and evaporation statistics are analyzed in this paper, is depicted by a black box in Fig. 1a . The difference in observed precipitation for the two years is dramatic. In 1988, only a few areas received more than 200 mm of rainfall for MJJ. In 1993 most of the central and northwestern United States saw at least 200 mm of rainfall, and the central and upper Mississippi basin received over 500 mm and up to 700 mm. In the UMB region, observations show a factor of 3 increase in precipitation between 1988 and 1993 (1.84 vs 5.62 mm day Ϫ1 ). The large-scale conditions over North America were distinctly different in 1988 and 1993 as discussed by Trenberth and Guillemot (1996) . In 1988 a relatively strong anticyclonic pattern over North America, east of the Rocky Mountains, as seen in the upper-level winds, displaced the midlatitude jet well north of its climatological summertime position and into Canada. In addition, analyzed mean vertically integrated moisture transport shows significantly enhanced northward transport of moisture from the Gulf of Mexico into the central United States in 1993 compared to 1988. These largescale features are considered primarily responsible for the anomalous MJJ precipitation. In 1988, weak moisture transport from the Gulf and northward displacement of the jet resulted in severely dry conditions; whereas in 1993 a large moisture supply from the Gulf and southward displacement of the jet resulted in severe flooding in the Mississippi basin. Within the context of these large-scale conditions there is uncertainty concerning the role of land surface evapotranspiration. Three recently published numerical studies highlight this uncertainty (see Table 1 ) and are discussed in the following paragraphs.
b. Mechanisms given in B96, P96, and G96
Significant improvement in simulated precipitation for July 1993 was found in the ECMWF global model when soil moisture was prognostically calculated rather than prescribed from climatological values (Beljaars et al. 1996) . In addition, realizations of 30-day simulations for July 1993 with the modified model using wet and dry initial soil conditions demonstrate a 50% increase in precipitation in the runs initialized wet. Analysis reveals that enhanced evaporation approximately one day upstream (northern Mexico and Texas) modifies the thermodynamic structure of the boundary layer in the upper Mississippi basin. This mechanism is described schematically in the top panels of Fig. 2 . In the case of reduced upstream surface evaporation, the transport of warm dry air aloft creates a stable boundary layer inversion that inhibits convection. Increased upstream evaporation results in the transport of cooler, more moist air (higher e ), which removes the capping inversion and permits deep precipitating convection. Paegle et al. (1996) report a 50% decrease in precipitation when upstream evaporation is high in 14-day simulations (27 June-10 July 1993) employing the University of Utah LAM. These simulations incorporate wet and dry values of evaporation, which are fixed for the duration of the simulations. The mechanism for this result, as revealed by the authors, is as follows: reduced surface evaporation yields warmer daytime surface conditions, which lead to greater low-level buoyancy and Beljaars et al. (1996) (B96), Paegle et al. (1996) (P96), and Giorgi et al. (1996) (G96) . The abbreviations LLJ, S, and L represent the low-level jet, and surface fluxes of sensible and latent heat, respectively. TABLE 1. Results from model studies that examine the sensitivity of simulated precipitation to soil moisture during the summer of 1993. The studies referred to are Beljaars et al. (1996) (B96), Paegle et al. (1996) (P96), and Giorgi et al. (1996) produce a stronger low-level jet (LLJ). The enhanced LLJ transports more moisture from the Gulf of Mexico into the central plains, and the increased moisture convergence in the UMB triggers the LAM convection scheme and results in enhanced precipitation. See the middle panels of Fig. 2 . The third study employs the NCAR Regional Climate Model (RegCM) in a series of 100-day simulations 22 April-30 July 1993 and 1988). The authors (Giorgi et al. 1996) found little sensitivity of seasonal precipitation to initial soil moisture. The small sensitivity they did find showed that decreased evaporation thermally and dynamically supports convection and increases precipitation in the UMB, particularly in 1988. The bottom panels of Fig. 2 illustrate this mechanism schematically. When evaporation is reduced, the LLJ is enhanced and transports more moisture from the Gulf of Mexico. In addition, increased surface sensible heat flux increases buoyant energy production. These two effects compensate for the reduction in the evaporative moisture source so that precipitation is affected minimally.
Interestingly, the regional model sensitivity results (P96 and G96) both demonstrate an enhanced LLJ in the simulations initialized with dry soil, whereas the global model (ECMWF) did not produce a stronger LLJ in the dry simulations (P. Viterbo 1997, personal communication). In addition, the limited-area domains used by G96 (2300 km ϫ 3800 km) and P96 (3500 km ϫ 3600 km) (see Fig. 9 ) both have boundaries in the southeastern United States, relatively near the course of the LLJ.
c. Summary of small domain experiments
The four simulations that were analyzed in G96 have been rerun for this study due to an error found in the original RegCM calculation of vegetation cover. The results of the new simulations do not change the conclusions of G96, but the quantitative values of precipitation and surface fields presented in the earlier paper are slightly affected. The simulations are initialized on 22 April and are integrated for 100 days. They are identical to the runs presented in G96 except for a correction in the land surface calculation and will be referred to as the small domain simulations. The domain is 46 ϫ 77 grid points, at 50-km resolution and centered at 40.5ЊN, 105ЊW. The simulations are referred to as SMWET93, SMDRY93, SMWET88, and SMDRY88 in Table 2 and refer to different initializations of the soil moisture availability, which is the fraction of water in the column between wilting point and saturation. In the dry initializations of 1988 and 1993 the initial soil water in the column is prescribed to be just above the wilting point of the vegetation (0.01), and in the wet initialization the soil moisture fraction is prescribed initially as a function of vegetation type for spring conditions (approximately 0.8).
The simulations discussed by G96, which have been recomputed for this work, are briefly presented here to document the corrections (which are numerical only and do not change the conclusions of G96) and to compare VOLUME 11 Trenberth and Guillemot (1996) . them with the simulations performed for this study. Statistics computed for the UMB in these simulations are provided in Table 3 . Figure 3 shows the simulated total precipitation (in mm) for MJJ from the SMWET88 and SMWET93 experiments. The model-generated precipitation pattern represents quite well that observed in 1993, although the model appears to be drier than observed in the southern and eastern regions of the model domain and in the northwest. In the UMB the mean daily precipitation rate is 5.49 mm day Ϫ1 , which is close to the observed value (5.62 mm day Ϫ1 ). In 1988 the simulated precipitation shows a decrease from the 1993 value in the box we have defined as the UMB, but the model generally overpredicts precipitation (2.14 mm day Ϫ1 vs observed 1.84 mm day Ϫ1 ). If we define the precipitation signal between 1993 and 1988 as the ratio of 1993 over 1988 precipitation values in the UMB, the amplitude of the model precipitation signal between 1988 and 1993 is somewhat smaller than the observed (a factor of 2.6 vs 3). The overall pattern for the domain shows more precipitation than observed in the southeastern region, over Texas and Oklahoma.
G96 reported 1) very little sensitivity of simulated precipitation to initial soil moisture and 2) what sensitivity was seen showed more precipitation in the runs initialized dry. These results are modified as follows by the corrected model simulations. The sensitivity of precipitation to initial soil moisture is qualitatively illustrated in Figs. 4a, b, where results from SMDRY88 and SMDRY93 are provided. The domain precipitation appears to be reduced in the runs initialized dry in both years, implying a positive soil moisture feedback. However, the effect is not substantial. Thus the G96 assessment of small sensitivity remains intact. The calculations for the UMB in 1993 show very little change in precipitation; there is a 4% decrease in precipitation in response to an 11% decrease in evaporation. The UMB results for 1988 show a negative response to soil moisture or an increase of 8% in precipitation for a decrease of 49% in evaporation. This negative feedback is similar to that reported in G96. However, upon closer inspection it can be seen that the southeastern region of the small domain shows precipitation in excess of that observed in both wet and dry simulations for 1988. The UMB region is located just outside this region of excess precipitation; therefore, the UMB calculation for 1988 is likely to be statistically insignificant. The main conclusion, as given by G96, is that soil moisture in these simulations has very little control over the seasonal precipitation totals. The second conclusion of G96, that is, that the simulated soil moisture feedback is likely to be negative over the UMB (similar to the conclusion of P96), appears less strongly supported by the results and will be discussed in more detail in the next sections.
Model description
The RegCM (Giorgi et al. 1993a,b ) is a limited-area model whose dynamical component is essentially that of the Penn State-NCAR Mesoscale Model version 4.0 (MM4). The model is hydrostatic, compressible, based on primitive equations, and employs a terrain-following
, where p is pressure, p top is pressure at the uppermost model level, and p s is surface pressure. The model includes parameterizations of surface, boundary layer, and moist processes, which account for the physical exchanges between the land surface, boundary layer, and free atmosphere. The model has 14 levels with about 5 levels within the planetary boundary layer (below 800 mb). The model top is at 80 mb. A brief description of the surface, boundary layer, and convective parameterizations is presented here, which is sufficient for our analysis and later discussion. Further details are available in the references.
The bottom boundary is comprised of land and ocean in the regional model domain. Surface-atmosphere exchange fluxes are computed using the Biosphere-Atmosphere Transfer Scheme (BATS) (Dickinson et al. 1993 ). Each atmospheric model grid point is specified with characteristics for a single vegetation and soil class. Air temperature, humidity, pressure, winds, radiation, and precipitation are provided by the atmospheric model to BATS at each domain grid point. For grid points designated as land, BATS computes surface radiative, sensible and latent heat, momentum fluxes, and surface temperature based on the assigned vegetation and soil parameters. The exchange between atmosphere and ocean is also computed by BATS, with sea surface temperatures specified from a dataset of monthly mean values (Reynolds 1988) .
The effects of boundary layer turbulence and associated vertical transport are considered in the RegCM using a formulation developed by Holtslag et al. (1990) and Holtslag and Boville (1993) . This is a mediumresolution scheme with five levels in the lowest 1.5 km of the atmosphere, at approximately 40, 110, 310, 730, and 1400 m above the surface. The vertical eddy flux within the PBL is given by an eddy-diffusion term plus a ''countergradient'' term describing nonlocal transport due to deep convective plumes in the PBL. The eddy diffusivity follows a parabolic profile between the surface and the PBL top.
Resolvable-scale precipitation is treated with a simplified version of the explicit moisture scheme of Hsie et al. (1984) , as described by Giorgi and Marinucci (1996) . This scheme includes only an equation for cloud water, which is formed when supersaturation is attained. It is then advected and can be re-evaporated, or con- verted into rainwater. Rainwater is immediately precipitated out. The cloud properties provided by this scheme (cloud water and fractional cover) are used for cloudradiation computations.
For convective precipitation, the scheme developed by Grell (1993) and described in detail by Grell et al. (1994) is employed. This scheme incorporates a simple cloud model wherein clouds are defined as two steadystate circulations consisting of an updraft and a downdraft. Mixing between the cloud and its environment occurs through entrainment/detrainment at the cloud base or cloud top. The mass fluxes in the updraft and downdraft are constant with height and the originating levels of the drafts are given by maximum and minimum ambient moist static energy. The scheme is activated when a parcel lifted from the updraft originating level eventually attains moist convection, and rainfall depends on an efficiency parameter that measures the fraction of the updraft condensate that re-evaporates in the downdraft. The scheme employs a stability-based closure similar to that adopted by Arakawa and Schubert (1974) , which states that cumulus clouds stabilize the environment as fast as the large-scale and surface fluxes destabilize it. The RegCM requires initialization of model prognostic variables (u, , T, q, p s , and T s ) at each horizontal model grid point and, excluding surface pressure ( p s ) and surface temperature (T s ), at each model level. In addition, because the domain is of a limited area (not global), the lateral boundaries of the domain require time-dependent forcing of the model prognostic variables by applied external conditions. The external conditions are prescribed using global analyses from the ECMWF, as processed by Trenberth (1992) , and interpolated to the model grid at 6-h intervals. A weighting function equal to one at the boundaries decreases exponentially inward. The buffer region is 12 grid points in the large domain experiments and 11 points in the small domain. The horizontal weighting function is given by func(x) ϭ exp[Ϫ(x Ϫ 2)/anudge(k)], where x is the number of grid points from the boundary, and anudge(k) is the nudge factor at each vertical level (the strongest being at the top of the model atmosphere). For both large and small domains anudge varies between values of 3 (at the model top) and 1 (at the surface).
Large domain experiments
Five additional simulations are performed that are different from the small domain experiments in three ways. First, the domain is significantly larger. With 66 times 100 grid points it includes the eastern Pacific, western Atlantic, the Gulf of Mexico as far south as the Yucatan Peninsula, and the southern part of Canada (see Fig. 9 in section 5). Second, these simulations are initialized on 1 April, which is three weeks earlier than the small domain experiments. The effect of this difference will be discussed with the results. Third, the model resolution is 60 km in these large domain experiments, compared to 50 km used in the small domain runs. Test simulations have shown that resolution has a negligible effect on the model precipitation results between the range of 40 and 60 km. Thus, the resolution difference between small and large domain simulations is not considered important.
The five experiments are each four months duration (1 April-31 July) with lateral boundary forcing from ECMWF analyses. Similar to the small domain simulations, the large domain simulations are referred to as LGWET93, LGDRY93, LGWET88, and LGDRY88. Again, the wet simulations are initialized with a soil moisture fraction of approximately 0.8 and the dry simulations are initialized with a soil moisture fraction just above the wilting point (0.02) of the vegetation. One final simulation is completed for 1993 only, wherein the soil moisture is initialized as in LGDRY93 and fixed for the four months; that is, there is no feedback between precipitation and the soil moisture calculation, and thus the soil remains dry. This simulation is referred to as LGFIX93. Table 4 outlines the large domain simulations.
Results from these five large domain simulations are provided in Table 5 . Compared with the observed MJJ precipitation, the LGWET88 and LGWET93 runs reasonably represent precipitation patterns for the two years (Fig. 5) , although the area where precipitation is greater than 200 mm is larger than observed in 1988 and the area where precipitation is greater than 350 mm is smaller than observed in 1993. The tabulated results for the UMB show overprediction of precipitation in 1988 (2.31 simulated vs 1.84 mm day Ϫ1 observed) and underprediction in 1993 (4.52 simulated vs 5.62 mm day Ϫ1 observed). With these results, comparison of the large domain and small domain precipitation indicates that the small domain experiments better simulate the flood and drought conditions over the UMB. This is consistent with the stronger lateral forcing exerted by the analyses of observations in the small domain. Jones et al. (1995) showed that when using the larger domain, increasing divergence is found between the model solution and the VOLUME 11 large-scale analyses. For the present experiment this effect results in a degradation of the simulation of the extreme events of 1988 and 1993.
Note that some aspects of the simulated precipitation patterns are significantly changed between the small and large domain runs, particularly in 1988. For example, the large maxima over Texas and Oklahoma seen in the small domain run is no longer present in the large do-main run. These maxima were evidently due to spurious lateral boundary effects. Therefore, although the simulated precipitation amounts over the UMB region are somewhat degraded in the large domain runs, the simulation of spatial patterns is actually improved. Precipitation maps from the LGDRY88 and LGDRY93 experiments are provided in Fig. 6 . In these dry runs the precipitation is clearly reduced compared to the runs initialized wet (Fig. 5) for both years. The sensitivity is greater than in the small domain experiments and the feedback is clearly positive, with an increase of 14% in 1993 and 33% in 1988 for the UMB region. These large domain sensitivity results are in contrast to those obtained with the small domain, which showed little sensitivity to soil moisture. The possible causes for the different sensitivity are the domain specification, the initialization (start date), and the resolution. Model tests (not presented here) have shown the resolution effects between 50 and 60 km are not important in our results. The initialization date, which is 1 April in the large domain experiments and 22 April in the small domain, does have an effect. In the dry cases the soil moisture is specified at the start of the run, but precipitation is allowed to recharge the column. The large domain simulation has 21 additional days toward refilling the soil reservoir. In April 1993 the rainfall is substantial. The month-to-month evolution of precipitation difference in the LGWET93 and LGDRY93 simulations shows that, indeed, the largest sensitivity is in April (21%) and May (20%), and it decreases in June and July to 11%. Therefore, it is reasonable to expect that the sensitivity in the large domain would be smaller than that seen in the small domain based on the differences in start dates alone. But the sensitivity to initial soil moisture is smaller in the SMWET93 and SMDRY93. The only other possible cause for the sensitivity difference is the specification of domain. Evidently, the same model produces quite different sensitivities based on domain size.
Also notable is that the dominant forcing is large scale; even with dry initial conditions there is a factor of 2 change in UMB precipitation amounts between 1988 and 1993.
In the experiments of P96 the prescribed evaporation rates were held constant for the duration of the simulation. To test the dynamical mechanism offered by P96, that the moisture supply from the Gulf is enhanced by a drier surface and can compensate for reduced evaporation, we performed the LGFIX93 simulation, which is described in Table 4 . Table 5 shows that the precipitation is further decreased (21%) when the soil moisture is fixed for the duration of the simulation, and the evaporation rate remains low (note that in this experiment water intercepted by vegetation is still allowed to evaporate). Thus the dynamical mechanism offered by P96 and G96 does not appear to be functioning in these large domain results.
Analysis and discussion
The results of the large domain simulations demonstrate a positive soil moisture feedback of approximately 14%-33%. These results are in general agreement with the global model results of B96, and they disagree substantially with the regional model results of P96. Still more surprising is the difference between the large and small domain results, which employ the same model.
Recall that the mechanisms defined by P96 and G96 (Fig. 2) both rely on enhanced moisture transport from the Gulf of Mexico due to a stronger LLJ over the drier surface. In addition B96 did not report an enhanced LLJ in their sensitivity studies with the global model. To investigate this, the LLJ and its effect on the meridional moisture transport are further analyzed in the small and large domain simulations. Figure 7 shows the MJJ mean meridional wind component from analyses ( (Fig. 7a) . In these wet simulations the strength of the LLJ and its vertical structure over the southern central plains appear to be better represented in the small domain simulations, where the boundary forcing from analyses has more influence. However, comparing the wet to the dry runs for each case, Figs. 7b to 7c and 7d to 7e, we find that the jet is significantly enhanced in the small domain simulations when initialized dry, whereas there is only a small enhancement of the jet in the large domain simulations. The meridional moisture transport (Fig. 8 shows SMWET93 and LGWET93 results for MJJ) is also significantly enhanced in the small domain solutions, whereas it is minimally affected in the large domain solutions. The small domain result is indeed similar to the effect seen in P96. Maps produced for 1988 demonstrate an even stronger enhancement (not shown here) of northward moisture transport by the LLJ.
It appears that the large and small domain simulations have very different dynamical responses to the surface forcing. A mechanism for this difference is proposed as follows.
The approximate domains are depicted in Fig. 9 . The domain employed in the present study is large (3960 km ϫ 6000 km), with boundaries a large distance from VOLUME 11 soil, the increased surface sensible heat flux causes upward motions in the lower to midtroposphere and divergence aloft, which result in reduced surface pressure over the central United States and generate an artificially enhanced pressure gradient between the interior of the domain and the lateral boundary regions where surface pressures are constrained. The increased pressure gradient enhances the LLJ, which transports more moisture in to the Mississippi basin. In the large domain solution this effect is not significant because there is less constraint by the boundaries. In Fig. 10 the 1993 MJJ mean sea level pressure (SLP) is given for the small domain (SMWET93 and SMDRY93) runs and analysis. While the wet run represents the analysis reasonably well, in the dry run the low pressure centered over the western United States is enhanced and, relative to the fixed SLP at the boundaries, creates a tighter west-east pressure gradient. This is a case where the local forcing feeds back to the large-scale circulation, but the small domain will not permit the feedback to occur. The imbalance between the internally generated circulation and the conditions imposed at the boundaries is reconciled by damping terms in the buffer region of the domain. Thus the enhanced LLJ in the G96 sensitivity simulations appears to be artificially generated by the proximity of the boundary region in their relatively small domain. We suggest that in the simulations of P96 a similar effect is possible, although their results are likely to also depend on the convection and boundary layer schemes employed by the Utah LAM.
Implications and conclusions
The small and large domain results with RegCM demonstrate that simulated precipitation and moisture transport are affected by the choice of limited-area domain. The small domain UMB precipitation results are closer to observed than those from the large domain, since the boundaries of a smaller domain constrain the interior solution more toward the driving fields (which are derived from observations). This is in agreement with the results of Jones et al. (1995) . This is also in agreement with Jones et al. (1997) , where a substantial divergence is found between the regional model solution and driving GCM solution in equilibrium-doubled CO 2 simulations using a large domain.
The size of the domain and location of boundaries also significantly affects the sensitivity of the simulated fields to soil moisture. The simulation of sensitivity computed in the large domain experiments is believed to be more realistic. The implications of this result are important. In sensitivity studies of physical processes that occur in a limited-area model domain interior, the boundaries must be placed well outside the region of influence of the process being studied. Estimates for such a region of influence must be made for the individual application of the regional climate model, with the criterion that the boundaries must be far enough away from the internal processes so as not to interfere with the response of the model solution to the relevant forcings being modified.
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Thus limited-area domain size and location of boundaries must be carefully considered when performing regional climate model simulations, particularly when testing the sensitivity to physical processes internal to the domain.
Our analysis supports the conclusion that the precipitation response to soil moisture in the central United States is positive in both 1988 and 1993. The large domain results show a 14%-33% increase in precipitation, whereas the ECMWF model results were approximately 50%. The 14% difference seen in the 1993 experiments is a conservative result due to the 1 April start date and soil moisture recharge, which occurs in the LGDRY93 simulation. In addition, differences in physical parameterizations and simulation periods between the present study and B96 might account for the smaller sensitivity seen in the RegCM as compared to the global model. The soil moisture feedback results reported by G96 and P96 are believed to be affected by artificially enhanced pressure gradients, resulting from the proximity of lateral boundaries to the inflow region of the LLJ.
Our study emphasizes the different effects that domain size and lateral boundary conditions might have on model simulations and model sensitivity to internal processes. Given good quality observed large-scale forcing fields, relatively small domains, in which a tight lateral forcing prevails, are likely to give better overall simulations. However, as we have shown, the lateral forcing may produce spurious dynamical effects when sensitivity to internal model processes is tested. In this case, larger domains, in which the model solution is more free to respond to variations in internal parameters, is likely to be preferable. Overall, our results indicate that careful consideration of domain choice and location of boundaries should be given when applying limitedarea models.
